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Three hidden-charm pentaquark Pc states, Pc(4312), Pc(4440) and Pc(4457) were revealed in the
Λ0b → J/ψpK− process measured by LHCb using both Run I and Run II data. Their nature is
under lively discussion, and their quantum numbers have not been determined. We analyze the
J/ψp invariant mass distributions under the assumption that the crossed-channel effects provide
a smooth background. For the first time, such an analysis is performed employing a coupled-
channel formalism taking into account heavy quark spin symmetry. We find that the data can be
well described in the hadronic molecular picture, which predicts seven Σ
(∗)
c D¯
(∗) molecular states in
two spin multiplets, such that the Pc(4312) is mainly a ΣcD¯ bound state with J
P = 1/2−, while
Pc(4440) and Pc(4457) are ΣcD¯
∗ bound states with quantum numbers 3/2− and 1/2−, respectively.
We also show that there is clear evidence for a narrow Σ∗cD¯ bound state in the data which we call
Pc(4380), different from the broad one reported by LHCb in 2015. With this state established, all
predicted ΣcD¯, Σ
∗
cD¯, and ΣcD¯
∗ hadronic molecules are seen in the data, while the missing three
Σ∗cD¯
∗ states with smaller production rates are expected to be found in future runs of the LHC or
in photoproduction experiments.
Introduction. The confinement property of quantum
chromodynamics (QCD) in principle allows for the ex-
istence of a large variety of color neutral objects, how-
ever, it is not clear yet which configurations are realized
in nature. As a result, searching for multiquark exotic
hadrons beyond the conventional quark model has been
one of the central issues in the study of the strong inter-
actions. Tremendous developments have been made in
the new era since 2003 when the B factories discovered
the D∗s0(2317) [1] and X(3872) [2], whose properties are
in notable contradiction with quark model predictions.
The interest in studying such exotic hadrons was further
boosted by the LHCb discovery of the hidden-charm pen-
taquarks Pc(4450) and Pc(4380) decaying into J/ψp in
the Λ0b → K−J/ψp process in 2015 [3]. The experimen-
tal and theoretical efforts are summarized in a number
of comprehensive reviews [4–15].
New surprises happened early this year when LHCb
updated their measurements with a one-order-of-
magnitude larger data sample [16]: the narrow Pc(4450)
appears to be split into two narrower structures Pc(4440)
and Pc(4457) and a third narrow peak Pc(4312) shows
up. At the same time, the broad Pc(4380) loses its sig-
nificance (whose existence needs to be verified in a com-
plete amplitude analysis that is under way). A cornu-
copia of theoretical interpretations followed these new
discoveries, including models of hadronic molecules [17–
38], compact pentaquark states [39–44] and hadrochar-
monia [45]. An amplitude analysis was performed in
Ref. [46] focusing on the Pc(4312) which was suggested to
be a virtual state. Among the explanations, the hadronic
molecular model stands out as it explains all of the three
narrow Pc states simultaneously as ΣcD¯ (for Pc(4312))
and ΣcD¯
∗ (for Pc(4440) and Pc(4457)) bound states,
see, e.g., Refs. [20, 25, 31], employing the approximate
heavy quark spin symmetry (HQSS) of QCD. However,
the model predicts in addition four more states, includ-
ing one Σ∗cD¯ state at around 4.37 to 4.38 GeV and three
states slightly below the Σ∗cD¯
∗ threshold. These seven
Pc states are in two heavy quark spin multiplets, labeled
as jP` , with j` and P the total angular momentum of the
light degrees of freedom and parity, respectively: three
with jP` =
1
2
−
and four with jP` =
3
2
−
. States with the
same spin in these two multiplets mix because the Σc(D¯)
is not degenerate with the Σ∗c(D¯
∗). While only three of
them correspond to the ones reported by LHCb, it is cru-
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2cial to check whether the existence of the whole two mul-
tiplets is consistent with the J/ψp distribution measured
by LHCb. This is the question addressed in this letter:
by constructing coupled-channel amplitudes analogous to
those used in the analysis of the Zb states [47–50], we
show that the observed J/ψp invariant mass distribution
can be well described in the hadronic molecular scenario,
which has seven Σ
(∗)
c D¯(∗) molecules, with the Pc(4312)
a ΣcD¯ and Pc(4440) and Pc(4457) ΣcD¯
∗ bound states,
respectively, and for the first time we point at a clear
signal from data for the existence of a narrow Pc(4380)
as a Σ∗cD¯ bound state. The remaining three predicted
Σ∗cD¯
∗ states still await discovery.
Framework. In order to describe the measured J/ψp
distribution, we construct coupled-channel amplitudes
considering all the Σ
(∗)
c D¯(∗) channels (to be called elas-
tic channels following Refs. [47, 48] since their thresholds
are close to the Pc masses) and the J/ψp channel (to
be denoted as inelastic). HQSS is used to relate all the
Σ
(∗)
c D¯(∗) channels [20, 31, 51, 52], and their couplings to
the J/ψp [30, 31]. We also allow for additional inelastic
channels not included explicitly in the amplitudes. To
this end, we expand the two-particle states in the basis
of HQSS eigenstates |sQ⊗j`〉, with sQ and j` representing
the total spin of the heavy quarks and total angular mo-
mentum of light degrees of freedom, respectively. In this
notation, the Σ(∗) and D¯(∗) spin multiplets are | 12 ⊗ 1〉
and | 12 ⊗ 12 〉, respectively. One can rewrite the S-wave
Σ
(∗)
c D¯(∗) systems in terms of |sQ ⊗ j`〉 as [31, 51] |ΣcD¯〉|ΣcD¯∗〉
|Σ∗cD¯∗〉

1
2
=
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3
2 〉
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|1⊗ 32 〉
 ,(2)
|Σ∗cD¯∗〉 52 = |1⊗
3
2
〉, (3)
where the subscripts on the left-hand side represent the
total angular momentum J = 12 ,
3
2 and
5
2 . The rotation
matrices will be denoted as RJ in the following. One
can obtain the contact terms for S-wave interactions of
the elastic channels in terms of two independent matrix
elements,
C 1
2
≡ 〈sQ ⊗ 1
2
|HˆI |sQ ⊗ 1
2
〉, C 3
2
≡ 〈sQ ⊗ 3
2
|HˆI |sQ ⊗ 3
2
〉,
with HˆI the effective Hamiltonian respecting HQSS. In
the heavy quark limit, the contact interactions defined
above are independent of sQ = 0 or 1. Since we work
to leading order the above matrix elements are con-
stants. In particular, the D-wave Σ
(∗)
c D¯(∗) contact terms,
that turned out to be necessary in the study of the Zb
states [50], will be neglected since data in the inelastic
channels are insensitive to such operators. The contact
terms in the particle basis are related to those in the spin
basis via the rotation matrices introduced above,
CJαβ =
∑
iJ
RJα iJ Cj`(iJ )
(
RJ
)T
iJ β
, (4)
where j`(iJ) denotes the light-quark spin of the i
th chan-
nel for a given J-multiplet.
The OPE potential, V JOPE(p, q), can be obtained us-
ing the effective Lagrangian for the axial coupling of the
pions to the charmed mesons and baryons [53, 54]
L = g
4
〈
σ · uabH¯bH¯†a
〉− ig1ijk Tr [S†i ujSk] , (5)
where 〈.〉 and Tr[.] denote traces in the spinor and isospin
spaces, respectively, σ represents the Pauli matrices, Si
and H¯ are the heavy quark spin doublets for ground
states (Σc,Σ
∗
c) and (D¯, D¯
∗) [55],
S =
1√
3
σΣc +Σ
∗
c , H¯ = −D¯ + σ · D¯∗, (6)
u = −∇Φ/Fpi + O(Φ3), Φ = τ · pi with τ and pi the
Pauli matrices in the isospin space and the pion fields,
in order, and Fpi = 92.1 MeV is the pion decay constant.
From the measured width of D∗+ → D0pi+ [56] one gets
g = 0.57, and the coupling g1 = 0.42 is taken from the
lattice QCD calculation [57]. The OPE contributes to
both S and D waves and can be important for describing
the line shapes around thresholds [49, 50, 58].
Also the transitions between the elastic and inelastic
channels can be related via HQSS. While the |1 ⊗ 12 〉
component in Eqs. (1)-(3) couples to J/ψp in the S wave
in the heavy quark limit, the |1⊗ 32 〉 only couples to J/ψp
in the D wave. We introduce two coupling strengths,
gS ≡ 〈1⊗ 1
2
|HˆI |J/ψp〉S , gDk2 ≡ 〈1⊗ 3
2
|HˆI |J/ψp〉D,
where k is the magnitude of the J/ψ three-momentum in
the c.m. frame of J/ψp. Then, the transition vertices VJαi
between the αth elastic and ith inelastic channel, with i =
1, 2 denoting the S-wave and D-wave J/ψp, respectively,
can be easily obtained by virtue of the decompositions in
Eqs. (1)-(3) as
VJα1 = gSRJα2, VJα2(k) = gDk2RJα3, J =
1
2
,
3
2
,
VJα1 = 0, VJα2(k) = gDk2, J =
5
2
. (7)
As for the direct J/ψp scattering, one notices that it is
Okubo-Zweig-Iizuka suppressed. In fact, the recent lat-
tice QCD results in Ref. [59] show that such an interac-
tion is indeed very weak. Thus, the inelastic J/ψp chan-
nel is only included through its coupling to the elastic
3Σ
(∗)
c D¯(∗) channels, and it effectively modifies the contact
terms for the elastic channels [47–50, 60]. While the real
part of its contribution can be absorbed by redefining the
contact terms [50], CJαβ , the imaginary part cannot. We
thus need to introduce into the effective elastic potential
the term
V JJ/ψp,αβ(E) = −
i
2piE
2∑
j=1
mJ/ψmpVJαjVJβj k. (8)
It is expected that, in addition to the J/ψp channels,
there are more inelastic channels, most prominently
ΛcD¯
(∗) and ηcp [30, 61, 62]. While the latter is connected
to the J/ψp channels via HQSS, the former is not and
thus we are obliged to parametrize especially those via
an additional imaginary part of the two contact terms.
This introduces two more parameters. Thus the scatter-
ing problem contains in total 6 parameters and the full
effective potential for the elastic channels can be written
as
V J(E, p, q) = CJ + V JJ/ψp(E) + V
J
OPE(p, q). (9)
Let us now come to the weak production amplitude
for Λb → K−Σ(∗)c D¯(∗). Since the energy region of inter-
est is around the Σ
(∗)
c D¯(∗) thresholds, we only consider
the elastic Σ
(∗)
c D¯(∗) channels produced in an S-wave.
Parameterizing the weak production of the |sQ ⊗ j`〉
states with the total angular momentum J as FJn =
〈Λb|HˆW |K−(sQ⊗j`)Jn〉, where (sQ⊗j`)Jn refers to the nth
state in the |sQ⊗j`〉 basis in Eqs. (1)-(3), the production
contact term for the αth elastic channel for a given J may
be parameterized as
P Jα =
∑
n
RJαnFJn . (10)
In total, there are additional seven parameters FJn .
With the above ingredients, one can obtain the produc-
tion amplitude, UJα , for the α
th elastic channel by solving
the following Lippmann-Schwinger equations (LSEs),
UJα (E, p) = P
J
α (E, p) (11)
−
∑
β
ˆ
d3q
(2pi)3
V Jαβ(E, p, q)Gβ(E, q)U
J
β (q),
and for the ith J/ψp inelastic channel, UJi , via
UJi (E, k) = −
∑
β
ˆ
d3q
(2pi)3
VJβi(k)Gβ(E, q)UJβ (q),(12)
with E for the invariant mass of the system, p, q and k
are the three-momenta in the c.m. frame for the αth, βth
elastic channel and the J/ψp channel, respectively. The
two-body propagator is
Gβ(E, q) =
2µβ
q2 − p2β − i
, p2β ≡ 2µβ(E −mβth), (13)
with µβ and m
β
th the reduced mass and the threshold of
the βth elastic channel. The Σ
(∗)
c widths of 1.86 MeV
(15 MeV) [56] are accounted for using complex mass
m − iΓ/2 in mβth. The LSE is regularized using a hard
cutoff, varied in the range from 1 to 1.5 GeV. Since the
results barely depend on its value (effects of the cutoff
variation can be largely absorbed into the refitted contact
terms), the final results will be presented for the cutoff
of 1 GeV. The equations given are unitary as long as the
additional imaginary part of the contact terms is omit-
ted. Unitarity can be restored once data on the ΛcD¯
(∗)
channels are available, and we checked that introducing
the ΛcD¯
∗ channel in the way of Eq. (8) did not produce
sizeable difference.
In order to fit the J/ψp invariant mass distribution,
an incoherent smooth background is used to model pos-
sible contributions from misidentified non-Λ0b events, the
Λ∗ resonances coupled to pK−, and possibly additional
broad P+c structures. We here use the form
fbgd(E) = b0 + b1E
2 + b2E
4 +
∣∣∣∣ grm2 − E2 − iΓE
∣∣∣∣2 , (14)
which contains the parameters b0, b1, b2, gr, m and Γ.
The backgrounds used in the experimental analysis [16]
are also considered, and the results are similar which will
be included in the uncertainties.
We perform fits of the measured J/ψp invariant mass
spectrum considering two schemes including
• scheme I: contact potential only, with the OPE po-
tential, V JOPE, switched off;
• scheme II: contact and OPE potentials as given in
Eq. (9).
Results and Discussions. In this analysis, we do
not consider isospin symmetry breaking effects which
can be important to give rise to isospin-breaking decay
modes [19, 63] but not in describing the line shapes in
the isospin-conserving J/ψp channel. Convolution with
the experimental energy resolution is considered. For
scheme I we find two solutions, denoted as A and B, de-
scribing the data almost equally well (with χ2/d.o.f. =
1.01 and 1.03, respectively). The corresponding best fits
are shown in the left panel of Fig. 1. The two solutions
produce different values of the parameters, in particular
C 1
2
and C 3
2
(in fact, the values of C 1
2
and C 3
2
in solution A
are very close to those of C 3
2
and C 1
2
in solution B, respec-
tively), and thus give different pole locations. However,
both solutions give seven poles, i.e. seven Pc states, in
the Σ
(∗)
c D¯(∗) scattering amplitudes: three with J = 1/2,
three with J = 3/2 and one with J = 5/2. The masses of
the generated Pc states in solutions A and B are close to
those of scenarios A and B for the corresponding quan-
tum numbers in Refs. [20, 31], respectively, though the
4TABLE I. The table shows the names of the states; their quantum numbers found from the fits within scheme II; the pole
positions (on the sheets close to the physical one); the dominant channels (DCs) and their thresholds; the dimensionless
couplings of the resonances in the DCs (from the T -matrix residues and defined as GDC); the resonance couplings to the source
derived from the residues, which are normalized by the event numbers and thus only the relative values are meaningful. The
uncertainties given are from taking different backgrounds, the uncertainties from the fit for a given background are negligible.
The Pc(4380) in boldface is the new state we advocate in this work.
Scheme II JP Pole [MeV] DC (threshold [MeV]) GDC Production
Pc(4312)
1
2
−
4314(1)− 5(2)i ΣcD¯ (4321.6) 2.89(6)− 0.39(12)i 617(54)− 84(40)i
Pc(4380)
3
2
−
4378(2)− 14(2)i Σ∗cD¯ (4386.2) 3.03(6)− 0.49(15)i 610(364)− 169(52)i
Pc(4440)
3
2
−
4441(2)− 12(4)i ΣcD¯∗ (4462.1) 4.00(19)− 0.63(43)i 966(154)− 12(16)i
Pc(4457)
1
2
−
4459(2)− 4(2)i ΣcD¯∗ (4462.1) 2.26(18)− 0.46(29)i −912(78) + 171(105)i
Pc
1
2
−
4525(2)− 9(1)i Σ∗cD¯∗ (4526.7) 1.99(23)− 0.45(22)i −445(472) + 96(72)i
Pc
3
2
−
4518(2)− 12(2)i Σ∗cD¯∗ (4526.7) 2.93(11)− 0.50(20)i 95(123)− 56(16)i
Pc
5
2
−
4497(5)− 41(14)i Σ∗cD¯∗ (4526.7) 4.97(26)− 1.28(57)i −309(481)− 2(6)i
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FIG. 1. Left panel: the fitted invariant mass distributions versus the experimental data [16] for both solution A (blue dashed
curves) and solution B (red solid ones) of scheme I. The corresponding backgrounds are shown as blue dash-dotted and red
dotted curves, respectively. Right panel: the best fit for scheme II. The vertical dashed lines in both panels from left to right
are the ΣcD¯, Σ
∗
cD¯, ΣcD¯
∗ and Σ∗cD¯
∗ thresholds, respectively.
widths are larger due to the inelastic channels and the
Σ
(∗)
c widths, and thus not shown here.
In both solutions, among the seven poles, the lowest
one corresponds to the Pc(4312) with
1
2
−
, and is a ΣcD¯
bound state: it is located in the second Riemann sheet
(of the J/ψp channel), and would become a real bound
state pole in the first Riemann sheet if the J/ψp channel
were switched off. This is different from the virtual state
scenario of ΣcD¯ in Ref. [46] which only fits to data around
the ΣcD¯ threshold.
There are two ΣcD¯
∗ bound states with quantum num-
bers 12
−
and 32
−
, corresponding to the Pc(4440) and the
Pc(4457), respectively, in solution A and interchanged in
solution B. The mass pattern of the three Pc states dom-
inated by the Σ∗cD¯
∗ channel is analogous to that of the
ΣcD¯
∗ channel, i.e. m 1
2
− < m 3
2
− < m 5
2
− for solution A
and the opposite for solution B. In both solutions, there
is a narrow pole around 4.38 GeV whose dominant com-
ponent is Σ∗cD¯ (see also [25]). This means that HQSS
requires the existence of a Pc(4380), which, however, is
narrow and thus totally different from the broad one re-
ported by LHCb in 2015 [3].
In scheme II the OPE has in particular a tensor force,
whose importance is well-known for the nucleon-nucleon
interaction. It leads to the mixing between S and D
waves, and can have a sizeable impact on the line shape
between thresholds [49, 50, 58]. Unlike in scheme I, once
the full OPE is included, there is only one solution cor-
responding to the best fit with χ2/d.o.f. = 0.98, shown
in the right panel of Fig. 1. It leads to poles presented
in Table I which are similar to those in solution B of
scheme I (see also Refs. [34, 64]). The pole positions,
the dominant channels (DCs) having the largest effective
couplings (derived form residues of the T -matrix), and
these effective couplings are listed in Table I. The results
5are insensitive to the form of the background, and the
effects of using different backgrounds give the errors in
Table I (the statistical errors propagating from the data
are much smaller).
One sees that the Pc(4312) couples dominantly to ΣcD¯
with JP = 12
−
, and both the Pc(4440) and Pc(4457) cou-
ple dominantly to the ΣcD¯
∗ with quantum numbers 32
−
and 12
−
, respectively. They are all bound state poles
and should be understood as hadronic molecules of the
corresponding channels [11]. Comparing the fits from
scheme I and scheme II, one sees that the OPE helps
making the dip between the Pc(4440) and Pc(4457) more
evident. In both schemes there is a narrow Pc(4380) lo-
cated at the right position where the data show a peak,
though less prominent than those of the well-known three
Pc states. Its existence is a consequence of HQSS in the
hadronic molecular picture. We have checked that it per-
sists no matter whether or not the data around 4.38 GeV
are included in the fit. Thus, this can be regarded as
strong evidence for the observed Pc states being hadronic
molecules.
The three Σ∗cD¯
∗ molecules, which are expected to ex-
ist [20, 31, 36, 51, 52], do not have any unambiguous
signal in the data. The production strengths related to
the residues of the production amplitude UJα at the pole
and shown in the last column of the table suggest that
they are less strongly produced in the Λb decays. One
possible reason could be that the production of the three
most pronounced Pc structures gets enhanced by nearby
triangle singularities discussed in Refs. [16, 65–67]. They
need to be searched for in data with higher statistics.
Summary and Outlook. In summary, we investigated
for the first time whether the appealing hadronic molec-
ular model for the observed Pc states is consistent with
the LHCb data. A coupled-channel formalism is used
to analyze the J/ψp invariant mass distribution, which
contains much more information than the extracted pen-
taquark masses only. The relevant effective potential con-
structed based on HQSS involves all transitions between
the elastic Σ
(∗)
c D¯(∗) channels, transitions from the elas-
tic to the S- and D-wave J/ψp inelastic channels as well
as the coupling to additional effective inelastic channels.
We find that the data can be well described. In addition
to the three established states, in our analysis a narrow
Pc(4380) state, identified as a
3
2
−
Σ∗cD¯ molecule, with its
mass basically fixed by HQSS, shows up a clear signal
in the data. The three Σ∗cD¯
∗ bound states with masses
from around 4.49 to 4.52 GeV are almost invisible be-
cause of their relatively low production rates in the Λb
decays. We expect that they can be resolved in the forth-
coming data to be collected at the LHC Run-3 period or
other production processes, such as the J/ψ photopro-
duction [62, 68–76]. It should be stressed that, if the Pc
states indeed are hadronic molecules, they have to show
up as prominent structures also in the elastic channels,
and data for those would therefore be extremely valu-
able. To further refine our approach, data are needed
in the ΛcD¯
(∗) as well as in the ηcp channels. The latter
would provide additional information on the amount of
spin symmetry violation in the system. All these studies
will definitely shed important light on our understanding
of how QCD forms hadrons.
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